Climate change needs to be incorporated in future designs of the electricity sector. This paper argues for a policy framework in which utilities take the lead by performing an electrical climate change impact assessment that evaluates to what extent utilities' electrical assets are vulnerable to future climate change. Based on this assessment, electrical climate change adaptation plans should be formulated by the utility in cooperation with utility regulators, municipalities and supralocal governments. A collaborative process is essential, because adaptation measures need to be tailored to the regional circumstances and many types of adaptation measures require governmental approval. In order for the most sustainable and cost-efficient measures to be selected, cooperation between governments, utilities and utility regulators is necessary.
Introduction
Recently, a powerful storm left thousands without access to electricity across Europe.
1 Last year, Hurricane Sandy left more than 8 million people without power in the Northeastern United
States. 2 The electricity sector needs to protect itself against future climate impacts, as scientific research projects that some form of climate change due to anthropogenic emissions of greenhouse gases will be unavoidable. 3 Maintaining energy security is of vital importance to society, because electricity infrastructure powers consumers, businesses and other critical infrastructure such as the IT, health and food sectors. Climate change therefore needs to be considered in future designs of the electricity sector. 4 This paper presents a policy framework for incorporating future climate change into electricity sector planning. The framework is based on two interrelated observations: first, climate change impacts on electrical infrastructure vary considerably according to regional circumstances. This means that adaptation should be based on a specific climate change impact assessment that incorporates regional climatic, geographical and socio-economical conditions.
Second, climate change adaptation measures are very diverse, and potential measures are under the jurisdiction of various public and private entities. In order for climate change adaptation plans to work effectively, cooperation between governments and utilities is necessary.
Section 2 elaborates on the first observation, by providing a general overview of the climatic variables projected to change in the coming decades and their impacts on electricity supply and demand, with specific attention to urban areas. Section 3 deals with the second observation, as it considers what are the available adaptation measures and who is primarily responsible for implementing them. In section 4, employing these two observations, I suggest a policy framework that could be utilized to integrate climate change considerations in electricity sector planning. Section 5 summarizes and concludes the paper.
Consequences of Climate Change

Introduction
Weather impacts are not new to the electricity sector, as facilities and infrastructure operate under differing climatic circumstances throughout the year. 5 overview of the relevant climatic variables projected to change in the coming decades (section 2.2); the impacts they could have on electricity generation, transmission and consumption (sections 2.3-2.5); and the urban dimension of climate change impacts (section 2.6). 6 
Climatic Variables
Anthropogenic climate change could impact the electricity sector through changes in the average climate, as well as changes in the frequency and intensity of extreme weather events.
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One of the most important climatic variables is temperature. First, the average global temperature will continue to increase in the coming de cades. 8 On the one hand, this could decrease the frequency and intensity of ice and snow storms in colder regions, although changes in ocean currents might produce cooling effects in certain Northern regions. 9 On the other hand, summer temperatures will be considerably higher for periods of time, increasing the number of heat waves. 10 Lack of precipitation could combine with longer periods of higher temperatures to produce decreased water availability, droughts and wildfires. 11 More generally, regional and global precipitation patterns could change, in some cases causing excessive rainfall leading to river flooding. 12 In coastal regions, global sea level rise in combination with more ferocious storms could lead to heightened storm surges and more extensive coastal flooding. Significantly harder to predict is how wind speeds and cloud cover will change due to climate change, although these could also be altered. 
Climate Change Impacts on Electricity Generation
Hydropower
Changes in precipitation patterns and temperature could alter the amount of river runoff available for hydroelectric power generation both in terms of seasonal patterns and total river flow, but the effects vary according to regional circumstances. 21 In some countries, the overall impacts are likely to be positive, while in others they are expected to be negative. 
Solar Power
The efficiency of electricity generation based on solar power could be negatively affected due to higher temperatures, while increasing cloud cover could decrease the solar radiation available .
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The extent of these impacts power is, however, highly uncertain. 
Bioenergy
Electricity generation from biomass draws on a variety of resources, such as wood residues, agricultural residues and animal husbandry residues. 30 Climate change influences biomass resources from forests and agriculture, as it affects land use patterns, biological productivity and disease distribution. 31 The impact of climate change on certain trees will be a function of the level of temperature change, vulnerability to vectors, and level of drought conditions , all of which depend on regional circumstances. 
Climate Change Impacts on Electricity Transmission and Distribution
Electricity transmission and distribution facilities are also vulnerable to direct damage from extreme weather events. Substations and underground electricity networks can be inundated during floods which could lead to short-circuiting, explosions and fires. 33 Excessive precipitation Furthermore, transmission infrastructure works less efficiently during periods of higher temperature because of the additional resistance induced. 37 If equipment cannot cool off sufficiently during nighttime, this could in some cases even lead to a breakdown of the equipment and service disruption. Instead, electric equipment might need to operate at less than the maximum power in order to prolong the equipment life span. 38 The sagging of power lines due to higher temperatures might also be hazardous, as well as bushfires caused by faulty electricity assets. 39 On the other hand, issues related to colder temperatures, such as ice storms or extreme snowfall, might be alleviated due to milder temperatures. 
Climate Change Impacts on Electricity Consumption
Regional and seasonal shifts in electricity demand for heating and cooling are among the most significant impacts of climate change on electricity infrastructure. 41 Due to rising temperatures, it is generally expected that the number of cooling degree days will increase and the amount of heating degree days will decrease. 42 This will have different consequences depending on the current temperatures in a region, the sensitivity of electricity demand to temperature changes and the amount of electricity used for heating and cooling. 43 In colder countries for instance, global temperature rise will likely cause the annual electricity consumption to fall in the short term due to a lower heating demand. Nevertheless, electricity savings might be modest because many other sources of energy are relied upon for heating, such as oil, gas and biomass. As electricity is the dominant means to operate cooling devices in most countries, higher temperatures will result in a global increase in summer electricity consumption, both by an intensified usage and an increased adoption rate of air conditioners. 45 In addition, more frequent and intense heat waves will increase peak demand and produce periods of sustained high electricity usage. Tourists from colder areas that tend to travel to warmer areas could augment summer peak demand further in these areas, while demand in colder areas is reduced. 46 Nonetheless, cooling demand is also significantly affected by other climatic variables, such as relative humidity, and by other non-climatic variables, such as income, demography and technology. 
Urban Dimension of Climate Change Impacts
Even though electricity infrastructure is not exclusively located in urban areas, it is important to consider climate impacts in an urban context, as some of the issues are especially pronounced in these areas.
Urban areas represent a very concentrated demand for electricity, which poses infrastructural challenges to avoid load pockets during summer peak demand. Moreover, the urban heat island effect exacerbates heat wave impacts in urban areas by significantly increasing local electricity demand for space cooling. 48 As a result, blackouts could occur or corresponding urban electricity prices could rise considerably. This latter effect could make lower-income consumers with air conditioners more reluctant to use them because they cannot afford the electricity, with possible health consequences. 49 In impoverished urban neighborhoods, this problem is often compounded by a higher settlement density, a lack of open space and more sparse vegetation, which contributes to a more pronounced urban heat island effect.
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Furthermore, a breakdown of electricity supply in urban areas due to extreme weather events has major impacts among commercial, industrial and residential sectors. 
Utilities & Utility Regulators 65
The first adaptation strategy available for utilities is "hardening", either by constructing new reinforced infrastructure or retrofitting existing infrastructure. 66 Flood damage can be prevented by elevating critical infrastructure or by using submersible, saltwater-resistant equipment which is less susceptible to damage resulting from inundation. Floodwalls can be established around substations, and floating or amphibious concepts could also be potentially used. 67 Storm impacts to overhead lines can be prevented by burying electric power lines.
Nonetheless, undergrounding is only suitable in some cases, as it is expensive and might make Third, utilities could implement measures to reduce energy consumption during peak demand.
In particular, demand response programs help to 'shave' the peak of f the energy demand during 68 Sieber, supra note 13, at 9. 69 Id. heat waves. Demand side management, facilitated by smart grids, could also lead to energy reduction.
Fourth, utilities could facilitate additional generating or transmission capacity in order to prevent blackouts during peak demand. 76 For example, the implementation of solar powered cooling and distributed cooling could help to provide additional energy for air conditioning during summer periods. 77 Temporary capacity increases could also be achieved by changing water management practices to secure hydroelectricity production during critical periods.
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New generation facilities might also be based on fossil fuels, but this would be at odds with climate change mitigation goals.
Finally, utilities could prepare emergency response plans with future climate change in mind.
Temporary, mobile substations could be installed which co uld be deployed in case of emergency. 79 Employees trained to understand climate risks could be more able to restore service in a timely manner after a storm hits. Moreover, early warning systems t hat link information about the physical climate system with the energy system could be established, which would communicate anticipated blackouts or brownouts to the general public, response agencies and other utilities. 
Local Governments
As noted in section 2.6, urban areas pose special challenges for electrical infrastructure.
Municipalities therefore play an important role in implementing climate change resilience. This is evidenced by multiple initiatives that seek to strengthen local climate resilience. Second, local governments are often responsible for building regulations. Flood resiliency can be improved by adjusting building standards, for instance by requiring electric equipment to be elevated or to use flood-resilient materials. 84 Especially in high-rise buildings, equipment is often responsible for delivering electricity to a great number of people, but placed in basements where they are vulnerable to flooding. Critical facilities such as hospitals could also be required to install backup generators. Furthermore, building regulations can help to reduce energy consumption, which would help to moderate the peak demand during heat waves. Energy reduction can be achieved through energy conservation (e.g. less intensive usage of air conditioners) or energy efficiency (e.g. newer, more efficient air-conditioning systems). 85 The design of buildings is important in reducing energy usage, for instance by improving insulation or using green roofs.
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Finally, local governments could provide assistance to utilities in the implementation of climate change resilience, for instance by facilitating smart grids and renewable energy. 87 They could also be instrumental in organizing effective emergency response plans.
Supralocal Governments
Supralocal governments -such as countries, states or provinces -often have broad legislative powers, which could indirectly facilitate the implementation of climate change resilience.
Electricity laws could facilitate smart grids, renewable energy and energy efficiency, while building laws could promote flood-resiliency of electric equipment. Moreover, supralocal adaptation strategies could create awareness for climate change impacts on the electricity sector, promote infrastructure resilience and fund research on climate change vulnerabilities.
Besides these indirect powers, supralocal governments are often more directly involved in providing general protection against flooding that could prevent storm surges from damaging electricity infrastructure. Protection can utilize man-made structures such as dykes, but natural areas could also act as buffers to mitigate the impacts of storms and floods. Ecosystem based approaches include afforestation, extending sand banks and limiting soil sealing. 
Introduction
Role of Uncertainty
Uncertainty about future climate change in electrical sector planning revolves around two issues, namely the timing and extent of climate change.
The timing of climate change determines if current decisions on capital investments and replacement need to incorporate the climatic situation at the end of the useful life of infrastructure. 89 If extreme weather changes are projected to occur on a timescale slower than the lifetime of infrastructure, the power system will be able to adapt by designing expansion and equipment according to the current weather extremes. 90 On the contrary, if climatic changes are projected to occur rapidly, planning decisions need to be made keeping future climate in mind. For instance, power plants must then be sited based not only on current flood maps, but also on maps depicting expected future flood levels including the effects of climate change. 91 The extent of climate change impacts determines to what degree adaptive action is warranted. A key question is "whether climate change will require a significant shift in energy planning or will remain a small demand driver relative to population and economic growth, and other factors." 
Electrical Climate Change Adaptation Plan
If certain vulnerabilities are identified, electrical climate change adaptation plans might be formulated to address the existing weaknesses in the electricity infrastructure. At this point, all the actors identified in section 3 should be included in the planning process. Adaptation plans could be made at multiple scales. National utilities that operate the transmission infrastructure might work together with supralocal governments, while regional utilities that operate distribution infrastructure would additionally focus on local governments. Furthermore, utility regulators should be involved as they might need to approve the recuperation of the utility's investments in climate resiliency. An adaptation plan should evaluate which measures would be most suitable for the specific region.
A collaborative process facilitates the selection of the most sustainable and cost-efficient solutions. Given the wide range of actors involved, measures could range from hardening electric equipment to implementing green infrastructure, and from rolling out smart grids to updating building codes. Moreover, a cooperative process provides widespread support among actors, which might ease the challenge of obtaining funding for resiliency measures, either through electricity rate increases, governmental support or private investments. 99 Finally, a comprehensive adaptation plan would help to firmly establish the future benefits and the avoided costs of resiliency measures, even if these measures do not pay dividends right away.
One example of a collaborative process is the Collaborative in the 2014 rate case procedure in New York City. 100 Con Edison, the biggest utility in New York City, applied for a $1 billion investment in storm hardening measures to reinforce its electrical system after Hurricane Sandy.
On the initiative of the New York State Department of Public Service Staff, a Collaborative was formed comprised of parties to the rate case, including the utility, state and local governments and NGOs. This Collaborative addressed climate change impacts on the utility's infrastructure, design standards and resiliency strategies. 101 Finally, evaluating the implementation and success of an electric climate change adaptation plan is no easy task, since some of the events that it prepares for do not occur frequently. 102 Certain indicators could be developed in order to monitor the climate vulnerability and resiliency of electricity infrastructure.
Supporting Legislation
Ideally, the process of devising climate change impact assessments and adaptation plans should be enshrined in electricity sector regulation, so that utilities are required to carry out these procedures regularly. Utility regulators could also be instructed to assess the climate preparedness of the utilities under their supervision. Additionally, climate change impact assessments could be incorporated in Environmental Impact Assessment (EIA) and Strategic
Environmental Assessment (SEA) procedures. 104 This would entail a 'reverse' EIA or SEA, demonstrating that future climate change will not adversely affect the proposed construction , policy or program.
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Conclusion
This paper has argued that climate change resilience in the electricity sector is best served by a policy process that is led by utilities, but accompanied by intensive cooperation between utilities, utility regulators, local and supralocal governments. The first reason for a collaborative process is that climate change impacts on electricity infrastructure vary considerably according to regional circumstances. This means that adaptation measures need to be tailored to regional conditions. Second, climate change adaptation measures are very diverse and utilities do not have the authority to implement all resiliency measures. Many types of adaptation measures require governmental approval. In order for the most sustainable and cost-efficient measures to be selected, cooperation between governments and utilities is necessary. Moreover, a collaborative process could provide utilities with climate-related knowledge available in governmental departments, as well as facilitate the funding of resiliency measures.
The proposed process would start with electrical climate change impact assessments, in which utilities assess to what extent their assets are vulnerable to climate change . These assessments could be incorporated into regular reports on infrastructure reliability and investments. Based on these assessments, electrical climate change adaptation plans should be formulated through cooperation between utilities, utility regulators, municipalities and supralocal governments. These plans would address the existing weaknesses in the electrical infrastructure and would help to establish the future benefits and avoided costs of resiliency measures. The whole process should be supported by legislation, so that utilities are required to carry out these procedures periodically. 
